Abstract: In this paper, a sensorless fault tolerant controller for induction motors is developed. In the proposed approach, a robust controller based on backstepping strategy is designed in order to compensate for both the load torque disturbance and the rotor resistance variation caused by the broken rotor bars faults. The proposed approach needs neither fault detection and isolation schemes nor controller re-design. Moreover, to avoid the use of speed and flux sensors, a second order sliding mode observer is introduced to estimate the flux and the speed. The observer converges in a finite time and leads to good estimates of the flux and the speed even in the presence of the rotor resistance variation and the load torque disturbance. Since the observer converges in the finite time, the stability of the closed-loop system (controller with observer) is shown in two steps. First, the boundedness of the closed-loop system trajectories before the convergence of the observer is proved. Second, the convergence of the closed-loop system trajectories is proved after the convergence of the observer. To highlight the efficiency and applicability of the proposed control scheme, simulation and experimental results are conducted for a 1.5 kW induction motor.
INTRODUCTION
Control systems are subjected to various faults which may occur in all possible locations such as actuators, sensors and changes in system parameters. Theses faults can destabilize the system. It is important for the system to be kept stable with acceptable, even if degraded, closed-loop performance when faults occur. This crucial problem is being investigated by many researchers and leads to the so-called Fault Tolerant Control (FTC) as a solution.
Fault Tolerant Control systems are able to maintain specific closed-loop performance not only under normal conditions but also when faults occur. The available methods of FTC can be classified into two types namely active and passive FTC.
In the active approach, the overall design consists of two distinct steps. In the first step (Fault Detection and Isolation: FDI), a dynamical system (FDI block) is designed. By processing input/output data, the FDI block is able to detect the presence of an incipient fault and isolate it from others faults or disturbances. In the second step, according to the information provided by the FDI block, changes are brought either to the parameters of the control law (fault accommodation) or to the controller structure (reconfiguration), in order to compensate for the effect of the fault and maintain specific performance [1, 2] In the passive approach [1,2], a robust controller that can maintain acceptable performance against a set of faults is designed. This approach does not require FDI and does not require controller re-design (reconfiguration or fault accommodation). Contrary to the active approach, the passive solution consists in using a unique robust controller that, will deal with all the expected faults. The passive FTC approach has the drawback of being reliable only for the class of faults expected and taken into account in the design. However, it has the advantage of avoiding the time delay required in active FTC for online fault diagnosis and control re-design, which is very important in practical situations where the time window The authors gratefully acknowledge the Editor and the anonymous reviewers for several relevant and stimulating remarks contributing to improve the quality of the paper. The authors would like to thank Alain Glumineau and Robert Boisliveau for the use of the experimental set-up located at IRCCyN (see [39] ). The invaluable help of Robert Boisliveau during the experimental tests of this work is gratefully acknowledged. The first author would also like to thank Mohamed Tadjine from the Laboratoire de Commandes des Processus, Ecole Nationale Polytechnique, Algiers, Algeria, for his fruitful help. Nadia Djeghali and Saїd Djennoune are with the Laboratoire de Conduite et Conception des Systèmes de Production, Université Mouloud MAMMERI de Tizi-Ouzou, B.P.17, 15000, Algérie (e-mails: {djeghali_nadya, s_djennoune}@yahoo.fr).
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during which the faulty system stays stabilizable is very short.
Induction Motors (IM) are widely used in many industrial processes due to their reliability, low cost and high performance. However, because of several stresses (mechanical, environmental, thermal and electrical), IM are subjected to various faults, such as stator shortcircuits and rotor failures including broken bars or rings, etc, ... The description of the different types of faults which can occur in induction motors is given in [9] . Fault detection and isolation of IM have received considerable attention. Many FDI techniques have been applied such as model-based techniques using parameter estimation [10] [11] [12] [13] , signal processing techniques [14, 15] , artificial intelligence techniques [16] , and others. In [11] [12] [13] , the authors have studied the broken rotor bars faults in induction machines using a parameter estimation approach. They have shown that in the presence of broken rotor bars faults, the rotor resistance increases.
In this paper, we design a passive fault tolerant controller for induction motors in order to compensate for the load torque disturbance and the rotor resistance variation caused by broken rotor bars faults. The proposed approach consists of designing a robust controller which does not require a control re-design or an FDI scheme. The controller designed does not need speed and flux sensors. A second order sliding mode observer is used to estimate the flux and the speed.
In [17] , a passive fault tolerant controller, which is able to compensate for the rotor resistance variation and the effect of the load torque disturbance is proposed. The design approach uses a direct field oriented controller based on backstepping strategy to steer the flux and the speed to their desired references in presence of rotor resistance variation and load torque disturbance. Moreover, sensorless control is considered. This control method avoids the use of the speed sensor [18] [19] [20] [21] . For instance, in [21] , the feedback controller uses an adaptive observer in order to estimate the flux and the speed. In [20] , the control scheme is based on a first order sliding mode observer. Sliding mode observers are widely used due to their finite time convergence, robustness with respect to uncertainties and the possibility of uncertainty estimation [22, 23] . When the first order sliding mode approach is used, the chattering effect appears. To avoid the chattering phenomenon, the high order sliding mode techniques have been developed. In [17] , the controller uses a second order sliding mode observer [24] [25] [26] [27] [28] [29] to estimate the speed and the flux. The second order sliding mode observer uses only the measured stator currents. The stability of the closed-loop system under the sliding mode observer is analyzed and the convergence of the closed-loop system trajectories to their respective desired values is proved. Finally, the efficiency of the proposed sensorless passive fault tolerant controller is validated by simulation where the speed and the load torque are taken constant.
In this work, the theoretical results established in [17] are investigated further. Moreover, the efficiency of the proposed controller is validated by both simulation and experimental results. In addition, the experimental and the simulation results are presented with complicated situations where the speed and the load torque are taken variable.
Compared to the existing fault tolerant control schemes already reported in the literature [30] [31] [32] [33] , the main contribution of the proposed approach is the combination of the backstepping control and the high order sliding mode observer to design a sensorless fault tolerant control scheme for induction motors in presence of rotor resistance variation and load torque disturbance. The use of the high order sliding mode observers permits to avoid the chattering effect. Whereas the backstepping technique provides a simpler design procedure and also avoids the chattering effect. This control technique does not force the designed system to appear linear, which, in turn, can avoid cancellations of useful nonlinearities. Furthermore, additional nonlinear damping terms can be introduced in the feedback loop to enhance robustness. Another feature of backstepping designs is that the uncertainties which affect the system are not required to satisfy the matching condition. The second contribution of this work is the implementation of the proposed controller under complicated situations where the speed and the load torque are taken non-constant. This paper is organized as follows: Section 2 describes the IM oriented model in presence of rotor resistance variation. Section 3 gives some definitions on practical stability and boundedness. Section 4 is devoted to the design of the robust backstepping controller which is able to steer the flux and speed variables to their desired references in presence of rotor resistance variation and load torque disturbance. In Section 5, a second order sliding mode observer is designed in order to estimate the flux and the speed. Section 6 studies the stability of the closed-loop system. In Section 7, simulation and experimental results are presented to demonstrate the efficiency and the applicability of the proposed approach. Section 8 gives some concluding remarks on the proposed controller.
INDUCTION MOTOR ORIENTED MODEL
In field oriented control, the flux vector is forced on the d-axis 0 . 
